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Introduction {#chem201902945-sec-0001}
============

Löwenstein\'s rule, first postulated in 1954, states that the linkage of two AlO~4~ tetrahedra via a common oxygen atom is energetically unfavourable and therefore avoided in aluminosilicates ("Al‐O‐Al avoidance rule").[1](#chem201902945-bib-0001){ref-type="ref"} While it was developed using a simple argument based on Pauling\'s third rule,[2](#chem201902945-bib-0002){ref-type="ref"} and initially illustrated with only a few examples, it is commonly assumed that Löwenstein\'s rule holds for most members of important groups of aluminosilicates, such as feldspars[3](#chem201902945-bib-0003){ref-type="ref"}, [4](#chem201902945-bib-0004){ref-type="ref"} and zeolites.[5](#chem201902945-bib-0005){ref-type="ref"} In addition to some general criticism regarding its theoretical foundation,[3](#chem201902945-bib-0003){ref-type="ref"} evidence for a violation of Löwenstein\'s rule has been reported for a number of aluminosilicates. For example, non‐Löwenstein Al‐O‐Al linkages have been found to occur in the natural zeolites stilbite (Si/Al ratio of 3)[6](#chem201902945-bib-0006){ref-type="ref"} and analcime (Si/Al=2),[7](#chem201902945-bib-0007){ref-type="ref"} in various sodalite‐type compounds (where the Si/Al ratio may be smaller than one, and even pure aluminates can be synthesised),[4](#chem201902945-bib-0004){ref-type="ref"}, [8](#chem201902945-bib-0008){ref-type="ref"} and in the sorosilicate gehlenite (Si/Al=1:2).[9](#chem201902945-bib-0009){ref-type="ref"} Two recent computational studies have re‐evaluated the validity of Löwenstein\'s rule in zeolites. Employing density functional theory (DFT) calculations, Fletcher et al. screened various arrangements of Si and Al in the unit cell of chabazite at different Si/Al ratios (Si/Al=17, 11, 8), as well as some other zeolite frameworks (ABW, LTA, RHO, MOR) at fixed Si/Al ratio.[10](#chem201902945-bib-0010){ref-type="ref"} Surprisingly, they found many cases where configurations with one or several non‐Löwenstein linkages gave the lowest DFT energy, contrary to the common assumption that Al‐O‐Al linkages are thermodynamically unstable. Because zeolites are formed in aqueous media, a subsequent study by Heard et al. investigated the influence of water on the stability of Al‐O‐Al linkages in protonated chabazite (H‐CHA), using a combination of DFT structure optimisations and DFT‐based ab initio molecular dynamics (AIMD) calculations.[11](#chem201902945-bib-0011){ref-type="ref"} While their calculations predicted a non‐Löwenstein configuration to be favoured in the dehydrated state, in line with the results of Fletcher et al., a configuration obeying Löwenstein\'s rule was favoured in hydrated models at high water loadings. A higher Brønsted acidity was found for protons associated with Si‐O‐Al linkages compared to those located at Al‐O‐Al linkages. As a consequence, the Si‐O‐Al linkages were found to be deprotonated in AIMD simulations of hydrated models, leading to the formation of protonated water clusters (=hydrated hydronium ions[12](#chem201902945-bib-0012){ref-type="ref"}) in the pores. Framework deprotonation was not observed for non‐Löwenstein linkages. The ability of the protons at Si‐O‐Al linkages to transfer to water molecules in the pores provides an additional energetic stabilisation that is absent for Al‐O‐Al linkages, which could be a plausible explanation for the experimentally observed preference for arrangements obeying Löwenstein\'s rule.

A variety of synthetic aluminophosphates (AlPOs, composition AlPO~4~) and heteroatom‐doped AlPO derivatives (silicoaluminophosphates---SAPOs, metal aluminophosphates---MeAPOs) with zeolite‐like topologies have been reported.[13](#chem201902945-bib-0013){ref-type="ref"}, [14](#chem201902945-bib-0014){ref-type="ref"}, [15](#chem201902945-bib-0015){ref-type="ref"} Such aluminophosphate‐based zeotypes exhibit considerable potential for applications in catalysis,[16](#chem201902945-bib-0016){ref-type="ref"}, [17](#chem201902945-bib-0017){ref-type="ref"}, [18](#chem201902945-bib-0018){ref-type="ref"} adsorption‐ and membrane‐based gas separations,[19](#chem201902945-bib-0019){ref-type="ref"}, [20](#chem201902945-bib-0020){ref-type="ref"}, [21](#chem201902945-bib-0021){ref-type="ref"} and thermal energy storage.[22](#chem201902945-bib-0022){ref-type="ref"}, [23](#chem201902945-bib-0023){ref-type="ref"} Pure AlPOs have a strictly alternating arrangement of Al and P on the T sites, as both Al‐O‐Al and P‐O‐P linkages are unstable.[15](#chem201902945-bib-0015){ref-type="ref"} In SAPOs and MeAPOs, the heteroatom substitution occurs in a way that unstable linkages are avoided. For example, Si is incorporated either by replacing single P atoms or by forming larger Si "islands" or aluminosilicate domains, thereby avoiding Si‐O‐P linkages.[24](#chem201902945-bib-0024){ref-type="ref"}, [25](#chem201902945-bib-0025){ref-type="ref"} There are only a few examples of AlPO‐based materials in which Al‐O‐Al linkages are present in the crystal structure,[26](#chem201902945-bib-0026){ref-type="ref"} such as a layered aluminophosphate with composition Cs~2~Al~2~P~2~O~9~.[27](#chem201902945-bib-0027){ref-type="ref"} A zeotype example is the system investigated in the present work, the silicoaluminophosphate ECR‐40 (ECR=Exxon Corporate Research). This material, first reported by Vaughan in 1999[28](#chem201902945-bib-0028){ref-type="ref"} and described in more detail by Afeworki et al. in 2004,[29](#chem201902945-bib-0029){ref-type="ref"} exhibits a higher acidity than most SAPOs. This property was, in part, attributed to strong Brønsted acid sites associated with the Al‐O‐Al linkages, an explanation that appears at least debatable in the view of the more recent computational results mentioned above.

ECR‐40 has the MEI topology of the zeolite ZSM‐18.[30](#chem201902945-bib-0030){ref-type="ref"}, [31](#chem201902945-bib-0031){ref-type="ref"} As the MEI framework contains three‐, five‐ and seven‐membered rings, a strict alternation of Al and P on the tetrahedral sites (T sites) is not possible. However, as discussed in detail in the structural analysis performed by Afeworki et al.,[29](#chem201902945-bib-0029){ref-type="ref"} Si‐O‐P linkages can be avoided if the silicon atoms occupy the T sites belonging to the three‐membered rings. In ECR‐40, two 3^1^⋅4^3^⋅5^3^ building units (**t‐mei** tiles in the nomenclature of the natural tiling approach[32](#chem201902945-bib-0032){ref-type="ref"}) are fused together to form a 17 T atom unit via a common Si~3~O~3~ ring (Figure [1](#chem201902945-fig-0001){ref-type="fig"} a). Al‐O‐Al linkages connect the apexes of these 17 T atom units, forming infinite chains parallel to the *c*‐axis. Pairs of Al‐O‐P linkages join the chains perpendicular to the *c*‐direction (Figure [1](#chem201902945-fig-0001){ref-type="fig"} b), resulting in the formation of one‐dimensional twelve‐membered ring (12MR) channels running along *c* (Figure [1](#chem201902945-fig-0001){ref-type="fig"} c). These channels are connected via unusual seven‐ring windows (7MR). The good agreement between theoretical and measured stoichiometry, the ranges of T−O bond distances obtained in the Rietveld refinement, and the results of solid‐state NMR experiments all substantiated the assumption of an ordered distribution of Al, P, and Si on the T sites of ECR‐40.[29](#chem201902945-bib-0029){ref-type="ref"}

![Structure of ECR‐40: a) 17 T atom unit, assembled from two 3^1^⋅4^3^⋅5^3^ building units. b) Two adjacent chains of 17 T atom units running parallel to the *c*‐axis. c) Projection of the structure along the *c*‐axis. Yellow=silicon, purple=phosphorus, turquoise=aluminium. Structure figures were prepared using VESTA.[35](#chem201902945-bib-0035){ref-type="ref"}](CHEM-25-13579-g001){#chem201902945-fig-0001}

The occurrence of peculiar Al‐O‐Al linkages in ECR‐40 and related MEI‐type SAPOs was explained by Hong and co‐workers.[33](#chem201902945-bib-0033){ref-type="ref"} Using synchrotron diffraction experiments on ECR‐40 samples prepared with different organic structure directing agents (OSDAs), these authors could show that the OH groups of the OSDAs are covalently bonded to the Al1 atoms in the as‐synthesised material. As a consequence, the Al~1~ atom is octahedrally coordinated, and two AlO~6~ octahedra are joined together via a common face. The presence of AlO~6~ octahedra was corroborated using solid‐state NMR experiments, and further explained through in situ studies of the crystallisation mechanism. Due to the presence of an unusual covalent bond between framework T atoms and OSDA molecules, Hong and co‐workers suggested to allocate ECR‐40 to a new family of inorganic--organic hybrids dubbed "framework‐bound OSDA‐containing molecules sieves" (FOMSs). Upon OSDA removal, the face‐sharing AlO~6~ octahedra are converted into corner‐sharing AlO~4~ tetrahedra, leading to the non‐Löwenstein Al1‐O6‐Al1 linkage that is found in the calcined structure.[29](#chem201902945-bib-0029){ref-type="ref"} Rehydration of the calcined form leads to the formation of AlO~6~ octahedra that are sharing a common face consisting of three water molecules. The rehydrated form becomes amorphous upon recalcination, indicating instability of the Al‐O‐Al linkages towards repeated hydration/dehydration. In a subsequent study by Hong and co‐workers, it was shown that a solid solution of ECR‐40 and the MEI‐type aluminosilicate UZM‐22 can be formed through an appropriate tuning of the synthesis conditions.[34](#chem201902945-bib-0034){ref-type="ref"}

The crystal structure of calcined ECR‐40, which was refined from synchrotron powder diffraction data, is shown in Figure [2](#chem201902945-fig-0002){ref-type="fig"}.[29](#chem201902945-bib-0029){ref-type="ref"} Each unit cell (u.c.) contains 16 Al, 6 Si, 12 P, and 68 O atoms, leading to a negative framework charge of −4 e/u.c. that needs to be balanced by framework protons. Two likely proton environments can be distinguished: On the one hand, protons can be bonded to the O10 atoms, which form the Si‐O‐Al linkages (H\[O10\]). While there are twelve O10 atoms per unit cell, at most four of them can be protonated (occupancy of the proton position=1/3). On the other hand, protons could be located at the O6 atoms, the central atoms of the non‐Löwenstein Al‐O‐Al linkages (H\[O6\]). However, there are only two O6 atoms per unit cell, leading to the necessity to have at least two additional protons associated with Si‐O‐Al linkages. Consequently, two limiting scenarios can be defined: First, a model in which all four protons are H\[O10\] protons, and second, a model that contains two H\[O6\] and two H\[O10\] protons. ^1^H NMR experiments have confirmed the presence of two different proton environments, indicating that the second model is the more realistic one.[29](#chem201902945-bib-0029){ref-type="ref"} However, it needs to be pointed out that the experimentally observed intensity ratio of the two signals is not 1:1, which shows that the model described above is simplified with respect to the real structure.

![Crystal structure of calcined ECR‐40. The atom labelling follows the experimental crystal structure refinement by Afeworki et al.[29](#chem201902945-bib-0029){ref-type="ref"} The labelling Scheme used for the MEI framework in the IZA database,[31](#chem201902945-bib-0031){ref-type="ref"} which differs from that employed by Afeworki et al., is included in the Supporting Information, Table S1.](CHEM-25-13579-g002){#chem201902945-fig-0002}

Previous DFT studies of the stability of non‐Löwenstein linkages in aluminosilicates had to use computer‐generated models assuming different Al distributions. ECR‐40 is a rare example of a zeotype where the crystallographic evidence for Al‐O‐Al linkages is unequivocal, rendering this system particularly interesting from a fundamental point of view, and therefore well suited for a computational study. In this article, dispersion‐corrected DFT calculations are employed to study the acidity and mobility of framework protons associated with Al‐O‐Al and Si‐O‐Al linkages in ECR‐40, aiming at an elucidation of the following aspects:

After a full structure optimisation, the total energies of the two models having different proton arrangements are compared to confirm that the model with protonated Al‐O‐Al linkages is energetically favoured.For this ECR‐40(2H\[O6\], 2H\[O10\]) model, the acidity of the different protons is investigated by computing the diprotonation energy and studying the interaction with adsorbed molecules (carbon monoxide, ammonia, water).DFT‐based molecular dynamics (AIMD) simulations for ECR‐40(2H\[O6\],2H\[O10\]) at low and high levels of hydration (2 and 38 H~2~O molecules/u.c.) are employed to study the dynamic behaviour of ECR‐40 in the presence of water, with a particular focus on the potential occurrence of framework deprotonation. Additionally, it is evaluated whether a coordination of water molecules to framework Al atoms occurs, allowing insights into the structural changes upon hydration.

Apart from a thorough computational characterisation of the proton acidity and mobility in the unusual SAPO ECR‐40, a material with some potential for acid catalysis, this work also provides further insights into the properties of non‐Löwenstein linkages, which have been debated in recent computational studies as outlined above. In particular, Heard et al. hypothesised that their finding of a qualitatively different diprotonation behaviour of Si‐O‐Al and Al‐O‐Al linkages, observed for high‐silica aluminosilicate zeolites, could be generalised to other protonated zeolites, with the possible exception of high‐alumina zeolites with very small pores.[11](#chem201902945-bib-0011){ref-type="ref"} Since the present study deals with a silicoaluminophosphate, it permits some conclusions regarding common features and differences between aluminosilicates and aluminophosphates having Al‐O‐Al linkages.

Models and Methods {#chem201902945-sec-0002}
==================

Structure models of ECR‐40 {#chem201902945-sec-0003}
--------------------------

The initial structure model was taken from the crystal structure of calcined ECR‐40 reported by Afeworki et al., who refined the positions of all T and O atoms.[29](#chem201902945-bib-0029){ref-type="ref"} This structure is hexagonal, space group $P\frac{6_{3}}{m}$ , with *a=*13.253 Å and *c=*16.059 Å (the original publication erroneously reports *c=*15.059 Å \[K. G. Strohmaier, pers. commun.\], a corrected CIF file of the experimentally determined crystal structure is supplied as Supporting Information). In this structure, the O6 atom is disordered over three equivalent positions around the sixfold screw axis in order to avoid a linear Al‐O‐Al linkage (Figure [2](#chem201902945-fig-0002){ref-type="fig"}). For the calculations, this disorder was removed, leading to a reduction in symmetry to space group $P\frac{2_{1}}{m}$ (to maintain the relationship to the hexagonal structure, a *c*‐unique monoclinic setting was used). Afterwards, the protons were introduced in the manner shown in Figure [3](#chem201902945-fig-0003){ref-type="fig"} to generate the ECR‐40(2H\[O6\],2H\[O10\]) and ECR‐40(4H\[O10\]) models. This was associated with a further reduction in symmetry to space group *P*2~1~. For structures including guest molecules, the molecule of interest was placed in the vicinity of either of the two framework protons of ECR‐40(2H\[O6\],2H\[O10\]), maintaining the *P*2~1~ symmetry (thus, there are two guest molecules per unit cell). The experimental saturation water uptake, measured at T≈295 K and *p*/*p* ~0~≈0.5 \[K. G. Strohmaier, pers. commun.\], amounts to 24.8 wt‐%,[29](#chem201902945-bib-0029){ref-type="ref"} corresponding to approximately 38 water molecules per unit cell. To construct models of fully hydrated ECR‐40, a "pre‐covered" model of ECR‐40(2H\[O6\],2H\[O10\]) in which four water molecules are adsorbed at the framework protons was used as starting point. Initial positions of the remaining 34 H~2~O molecules were then obtained from fixed‐loading Monte Carlo simulations of water adsorption into this "pre‐covered" model. These simulations were performed using the Sorption module of the DS BIOVIA package "Materials Studio", employing the consistent valence force field (CVFF)[36](#chem201902945-bib-0036){ref-type="ref"} and a temperature of 298 K. An analogous strategy was used previously in other computational studies of hydrated SAPOs and AlPOs.[37](#chem201902945-bib-0037){ref-type="ref"}, [38](#chem201902945-bib-0038){ref-type="ref"}

![Location of framework protons in a) ECR‐40(2H\[O6\],2H\[O10\]) and b) ECR‐40(4H\[O10\]). O−H bond lengths of the PBE‐TS optimised structures are given in Å.](CHEM-25-13579-g003){#chem201902945-fig-0003}

Computational methods {#chem201902945-sec-0004}
---------------------

The DFT structure optimisations reported in this work were performed with the CASTEP code, version 17.2, which uses a combination of plane waves and pseudopotentials.[39](#chem201902945-bib-0039){ref-type="ref"} The calculations used the PBE exchange‐correlation functional[40](#chem201902945-bib-0040){ref-type="ref"} in conjunction with the dispersion correction devised by Tkatchenko and Scheffler (PBE‐TS).[41](#chem201902945-bib-0041){ref-type="ref"} Although PBE‐based approaches are known to underestimate the length of strong hydrogen bonds and to overstructure bulk water,[42](#chem201902945-bib-0042){ref-type="ref"}, [43](#chem201902945-bib-0043){ref-type="ref"}, [44](#chem201902945-bib-0044){ref-type="ref"} the PBE‐TS functional has been used previously with considerable success in studies of guest‐free, OSDA‐containing, and hydrated AlPOs and SAPOs.[37](#chem201902945-bib-0037){ref-type="ref"}, [38](#chem201902945-bib-0038){ref-type="ref"}, [45](#chem201902945-bib-0045){ref-type="ref"}, [46](#chem201902945-bib-0046){ref-type="ref"}, [47](#chem201902945-bib-0047){ref-type="ref"}, [48](#chem201902945-bib-0048){ref-type="ref"} The energy cutoff was set to 1000 eV, and only the Γ point was used to sample the first Brillouin zone. Core electrons were represented using norm‐conserving pseudopotentials from the Bennett--Rappe database.[49](#chem201902945-bib-0049){ref-type="ref"}, [50](#chem201902945-bib-0050){ref-type="ref"} Phonon calculations were performed in the framework of density functional perturbation theory (DFPT).[51](#chem201902945-bib-0051){ref-type="ref"} Calculations of the ^1^H NMR shifts used the gauge including projector augmented waves (GIPAW) method.[52](#chem201902945-bib-0052){ref-type="ref"}, [53](#chem201902945-bib-0053){ref-type="ref"} These calculations largely used the same settings as described above, but employed on‐the‐fly generated ultrasoft pseudopotentials, as the GIPAW method is not implemented for norm‐conserving pseudopotentials in CASTEP.

To compare the different proton arrangements, full structure optimisations of guest‐free models of ECR‐40(2H\[O6\],2H\[O10\]) and ECR‐40(4H\[O6\]) were performed. These optimisations included the lattice parameters, but constrained the unit cell to a hexagonal metric (*a*=*b*, *α*=*β*=90°, *γ*=120°). All following calculations focussed on ECR‐40(2H\[O6\],2H\[O10\]), and used the PBE‐TS lattice parameters obtained for the guest‐free model. This approximation appears justified, as the differences between the experimental lattice parameters of calcined and hydrated ECR‐40 are fairly small, with *a* differing by around 1.5 % and *c* differing by less than 0.5 %.[33](#chem201902945-bib-0033){ref-type="ref"} For models of ECR‐40(2H\[O6\],2H\[O10\]) containing two guest molecules X (X=H~2~O, CO, NH~3~) at either of the proton sites, the adsorption energy was calculated for the optimised structure according to Equation [(1)](#chem201902945-disp-0001){ref-type="disp-formula"}:$${\Delta E}_{ads} = \left\lbrack {E_{DFT}\left( {ECR - 40 + X} \right) - E_{DFT}\left( {ECR - 40} \right) - 2E_{DFT}\left( X \right)} \right\rbrack/2$$

Here, the first and second term on the right‐hand side correspond to the PBE‐TS energy of ECR‐40 with adsorbed guest molecules and of guest‐free ECR‐40, respectively. The third term corresponds to the total energy of an isolated guest molecule X, obtained from calculations for this molecule in a box with an edge length of 15 Å. In order to obtain the adsorption enthalpy Δ*H~ads~* at 298 K, the zero‐point vibrational energy (ZPVE) and temperature contributions as obtained from the DFPT phonon calculations were added to each term on the right‐hand side, and *RT* (≈2.5 kJ mol^−1^) was subtracted from the resulting value.

The AIMD simulations used the CP2K code (version 4.1 installed on the HLRN supercomputer "Konrad"), which is optimised for electronic structure calculations of mid‐sized and large systems.[54](#chem201902945-bib-0054){ref-type="ref"}, [55](#chem201902945-bib-0055){ref-type="ref"} These simulations were performed in the *NVT* ensemble (*T=*298 K) with a Nosé--Hoover thermostat, a time step of 0.5 fs, and a time constant of 50 fs. Due to the unavailability of the TS dispersion correction in CP2K, the AIMD calculations used the "Grimme‐type" D3 correction in conjunction with the PBE functional.[40](#chem201902945-bib-0040){ref-type="ref"}, [56](#chem201902945-bib-0056){ref-type="ref"} Several previous AIMD studies of hydrated zeolites and zeotypes have employed similar "flavours" of dispersion‐corrected DFT.[11](#chem201902945-bib-0011){ref-type="ref"}, [47](#chem201902945-bib-0047){ref-type="ref"}, [57](#chem201902945-bib-0057){ref-type="ref"}, [58](#chem201902945-bib-0058){ref-type="ref"}, [59](#chem201902945-bib-0059){ref-type="ref"} The calculations used a DZVP (double‐zeta) basis from the "MOLOPT" basis set included in the current distribution of CP2K[60](#chem201902945-bib-0060){ref-type="ref"} and Goedecker--Teter--Hutter pseudopotentials devised by Krack.[61](#chem201902945-bib-0061){ref-type="ref"}

Each AIMD trajectory consisted of 20 000 steps (=10 ps), of which the first 5 000 steps were used for equilibration. The remaining "production" part of the trajectory was then analysed using the VMD code, the focus being on average structures and, most prominently, radial distribution functions (RDFs).[62](#chem201902945-bib-0062){ref-type="ref"} Because the analysis with VMD requires an orthogonal cell, an orthogonal supercell was used in the AIMD calculations. This cell has twice the volume of the hexagonal unit cell. The relationship between both cells is shown in the Supporting Information (Figure S2). AIMD simulations were performed for the guest‐free structure of ECR‐40(2H\[O6\],2H\[O10\]) (as reference), and structures with two water molecules per unit cell (=four per supercell) adsorbed at either of the two framework protons. Three independent AIMD trajectories were calculated to improve the statistics, and all RDFs presented in the following were obtained as an average of the RDFs calculated for the three individual trajectories. For fully hydrated ECR‐40, five different snapshots were extracted from the MC simulations described above, and one MD simulation was run starting from each snapshot. Again, the RDFs correspond to averages over the five trajectories.

Results and Discussion {#chem201902945-sec-0005}
======================

Structure of guest‐free ECR‐40 {#chem201902945-sec-0006}
------------------------------

Some key results of the calculations for the two different models of guest‐free ECR‐40 are summarised in Table [1](#chem201902945-tbl-0001){ref-type="table"}. The ECR‐40(2H\[O6\],2H\[O10\]) model is energetically favoured by 0.666 eV per unit cell. As the two models differ only in the position of two protons per unit cell (the other two protons are always bonded to O10 atoms), this translates into an energy difference of −32.1 kJ mol^−1^ per proton. This value is roughly an order of magnitude larger than the thermal energy at room temperature, indicating a near‐complete occupation of the H\[O6\] site at any temperature of interest. The relative instability of the model with unprotonated Al1‐O6‐Al1 linkage can be understood when looking at the CASTEP Hirshfeld charges: While the charges at the oxygen atoms in ECR‐40(2H\[O6\],2H\[O10\]) range from −0.18 to −0.36 e, a significantly more negative value of −0.45 e is found for the O6 atoms in ECR‐40(4H\[O10\]). Apparently, there is a local accumulation of negative charge at these linkages, explaining their higher affinity towards protonation.

###### 

Total energies and selected structure parameters obtained from PBE‐TS calculations for two models of ECR‐40. Experimental structure parameters are given for comparison.[29](#chem201902945-bib-0029){ref-type="ref"}

                             PBE‐TS       PBE‐TS       Experiment
  -------------------------- ------------ ------------ ------------
  *E~DFT~* per u.c. \[eV\]   −33207.123   −33206.457    
  *a* \[Å\]                  13.392       13.390       13.253
  *c* \[Å\]                  16.166       16.266       16.059
  *d*(Al1−O6) \[Å\]          1.832        1.684        1.810
  *α*(Al1‐O6‐Al1) \[Å\]      154.4        177.5        155.3
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The lattice parameter *a* of both models is essentially identical, being about 1 % longer than the experimental value (13.39 vs. 13.25 Å). Such moderate overestimations are not uncommon in PBE‐TS calculations for aluminophosphate‐based materials.[45](#chem201902945-bib-0045){ref-type="ref"} On the other hand, the lattice parameter *c* of the ECR‐40(2H\[O6\],2H\[O10\]) model lies much closer to the experimental value than that of ECR‐40(4H\[O10\]). Even more dramatic differences are observed when looking at the Al‐O‐Al linkage: If a proton is bonded to the O6 atom, the predicted Al1−O6 bond distance and Al1‐O6‐Al6 angle agree very well with the experimental values. On the other hand, the optimised ECR‐40(4H\[O10\]) model has an almost linear Al1‐O6‐Al1 linkage, with the Al1‐O6 bonds being around 0.13 Å shorter than in the experimental structure. The O−H bond lengths are included in Figure [3](#chem201902945-fig-0003){ref-type="fig"}. For the protons associated with the O10 atom, the bond lengths are always close to 0.974 Å, in agreement with previous PBE‐TS calculations on SAPOs.[37](#chem201902945-bib-0037){ref-type="ref"}, [38](#chem201902945-bib-0038){ref-type="ref"} The O6−H\[O6\] bond is slightly, but significantly, longer, with 0.978 Å. Interestingly, the opposite trend was observed in the computational study of non‐Löwenstein linkages in the aluminosilicate chabazite, where the O−H bond associated with the Al‐O‐Al linkage was found to be somewhat shorter than those associated with Si‐O‐Al linkages.[11](#chem201902945-bib-0011){ref-type="ref"}

To further check the plausibility of the ECR‐40(2H\[O6\],2H\[O10\]) structure, the ^1^H NMR shifts were calculated for both models. Experimentally, two signals at 3.3 ppm and 4.3 ppm were attributed to the framework protons associated with Si‐O‐Al and Al‐O‐Al linkages, respectively (a third signal was explained with incomplete template removal).[29](#chem201902945-bib-0029){ref-type="ref"} While a prediction of the absolute shift values would require a referencing against experimental data,[63](#chem201902945-bib-0063){ref-type="ref"} the relative difference between the calculated ^1^H NMR shifts is sufficient in this context. For ECR‐40(2H\[O6\],2H\[O10\]) model, the values obtained for the H\[O6\] and H\[O10\] protons are indeed ≈1 ppm apart, amounting to 27.7 and 26.7 ppm, respectively. In contrast, the ^1^H NMR shifts calculated for ECR‐40(4H\[O10\]) are essentially identical (26.5 ppm). The former model thus provides much better agreement with experimental NMR data, corroborating the conclusion drawn from the total energies.

Due to the significant difference in the O−H bond length, the H\[O6\] and H\[O10\] protons can also be distinguished by means of vibrational spectroscopy. The computed Raman spectra for the two different models of ECR‐40 are shown in the Supporting Information (Figure S1). The spectrum of ECR‐40(4H\[O10\]) has only one band in the O−H stretching region at a frequency of about 3540 cm^−1^. In the other model, the H\[O6\] protons give rise to a band at 3500 cm^−1^, in addition to the H\[O10\] band at 3550 cm^−1^. Since these two bands are well separated, it should be possible to resolve them experimentally, and vibrational spectroscopy could be used as an additional tool to distinguish the different proton environments in ECR‐40 (and possibly give some semi‐quantitative information about their relative amounts).

Deprotonation energy and interaction with adsorbed molecules {#chem201902945-sec-0007}
------------------------------------------------------------

Having established that H\[O6\] and H\[O10\] protons coexist in ECR‐40, it is insightful to investigate to what extent the different environments lead to differences in Brønsted acidity. As a first measure of the acidity, deprotonation energies were computed by means of PBE‐TS calculations for negatively charged models in which a single proton of either type was removed. The energy difference with respect to ECR‐40(2H\[O6\],2H\[O10\]) was then taken as an approximation of the deprotonation energy, following the approach used in previous computational studies of aluminosilicate zeolites and SAPOs.[64](#chem201902945-bib-0064){ref-type="ref"}, [65](#chem201902945-bib-0065){ref-type="ref"}, [66](#chem201902945-bib-0066){ref-type="ref"} Deprotonation of the O6 site gives a deprotonation energy of 1327 kJ mol^−1^, whereas removal of the H\[O10\] proton results in a deprotonation energy of 1309 kJ mol^−1^. While the difference of 18 kJ mol^−1^ is relatively modest, these calculations indicate a higher acidity of the proton associated with the Si‐O‐Al linkage, in line with the findings of Heard et al. for H‐CHA.[11](#chem201902945-bib-0011){ref-type="ref"} A reasonably similar deprotonation energy of 1276 kJ mol^−1^ has been reported by Sauer and co‐workers for SAPO‐34, which contains only Si‐O‐Al linkages (as these authors used the BLYP functional, the values are not directly comparable).[66](#chem201902945-bib-0066){ref-type="ref"}

Both the carbon monoxide adsorption energy and the red‐shift of the O−H stretching frequency upon CO adsorption are typically correlated with the acidity.[65](#chem201902945-bib-0065){ref-type="ref"}, [67](#chem201902945-bib-0067){ref-type="ref"}, [68](#chem201902945-bib-0068){ref-type="ref"}, [69](#chem201902945-bib-0069){ref-type="ref"}, [70](#chem201902945-bib-0070){ref-type="ref"} Therefore, an investigation of CO adsorption at the two different protons represents a complementary means to assess the acidity of the framework protons. Since the quantitative inaccuracies of PBE‐based approaches in capturing the interaction of CO with zeolite framework protons have been well documented,[68](#chem201902945-bib-0068){ref-type="ref"}, [69](#chem201902945-bib-0069){ref-type="ref"}, [70](#chem201902945-bib-0070){ref-type="ref"} the interpretation of the results remains largely qualitative. Figure [4](#chem201902945-fig-0004){ref-type="fig"} shows the CO adsorption complexes. In both cases, the CO molecule resides above the ring plane, with an essentially linear coordination to the Brønsted acid site. The H~fw~⋅⋅⋅C\[CO\] (fw=framework) distances of 1.9 to 2 Å are in good correspondence with those reported in recent DFT studies of CO adsorption in aluminosilicates.[69](#chem201902945-bib-0069){ref-type="ref"}, [70](#chem201902945-bib-0070){ref-type="ref"} The coordination of CO leads to a significant elongation of the O−H bond to 1.00 Å. As summarised in Table [2](#chem201902945-tbl-0002){ref-type="table"}, the interaction energy obtained for CO adsorption at the H\[O10\] proton is only 2 kJ mol^−1^ more negative than for the CO\@H\[O6\] case. The non‐dispersive contributions, which mostly stem from the local interaction between the CO molecule and the Brønsted acid site, differ by a more substantial 5 kJ mol^−1^, in line with the shorter H~fw~⋅⋅⋅C\[CO\] distance. Upon CO adsorption at the H\[O6\] proton, the C−O stretching frequency increases from 2098 cm^−1^ (uncorrected PBE‐TS value obtained from calculations for a CO molecule in a box) to 2146 cm^−1^. The blueshift obtained for adsorption at the H\[O10\] proton is very similar, with a frequency of 2143 cm^−1^. With regard to the O−H stretching mode, the redshift upon adsorption amounts to −419 cm^−1^ for H\[O6\] and to −517 cm^−1^ for H\[O10\]. The stronger interaction and larger redshift obtained for the CO\@H\[O10\] complex confirm the higher Brønsted acidity of the H\[O10\] proton, agreeing with the deprotonation energies.

![Local environment of DFT‐optimised adsorption complexes. In each case, the surrounding 7MR window is shown. Selected framework‐guest distances (in Å) are included.](CHEM-25-13579-g004){#chem201902945-fig-0004}

###### 

PBE‐TS adsorption energies Δ*E* ~ads~, non‐dispersive contribution to adsorption energies, and adsorption enthalpies Δ*H* ~ads~ at *T*=298 K for CO, NH~3~, and H~2~O adsorbed at different proton sites of ECR‐40(2H\[O6\],2H\[O10\]).

                    Δ*E~ads~* \[kJ mol^−1^\]   Δ*E* ~*ads,non‐disp*~ \[kJ mol^−1^\]   Δ*H~ads~*(298 K) \[kJ mol^−1^\]
  ----------------- -------------------------- -------------------------------------- ---------------------------------
  CO\@H\[O6\]       −40.8                      −18.9                                  −38.3
  CO\@H\[O10\]      −43.0                      −23.7                                  −40.3
  NH~3~\@H\[O6\]    −154.9                     −129.4                                 −141.5
  NH~3~\@H\[O10\]   −150.8                     −128.1                                 −138.6
  H~2~O\@H\[O6\]    −92.9                      −72.9                                  −90.7
  H~2~O\@H\[O10\]   −87.4                      −68.4                                  −85.8

Wiley‐VCH Verlag GmbH & Co. KGaA

The adsorption of ammonia as a strongly basic molecule is a commonly used technique to characterise the acidity of zeolites, and previous works combining temperature‐programmed NH~3~ desorption experiments and DFT calculations of the adsorption energy usually found good agreement between experiment and theory on a semi‐quantitative level.[71](#chem201902945-bib-0071){ref-type="ref"}, [72](#chem201902945-bib-0072){ref-type="ref"} Due to its strong basicity, ammonia is protonated upon interaction with Brønsted acid sites.[69](#chem201902945-bib-0069){ref-type="ref"} As is visible in Figure [4](#chem201902945-fig-0004){ref-type="fig"}, diprotonation of the framework occurs for both the H\[O6\] and the H\[O10\] proton, leading to the formation of NH~4~ ^+^ cations that are hydrogen‐bonded to three framework oxygen atoms. In other words, the acidities of the two protons are not sufficiently different to cause a qualitatively different behaviour upon ammonia adsorption, although there are some differences in the hydrogen bonding pattern (three H‐bonds of similar length for H\[O6\], one short and two longer bonds for H\[O10\]). The interaction energy is roughly 5 kJ mol^−1^ more negative for adsorption at the H\[O6\] proton, however, the non‐dispersive contribution is very similar for both proton sites. The fact that the results for ammonia do not reproduce the trend in acidity developed above on the basis of deprotonation energies and CO adsorption can be explained using arguments brought forward in the recent literature:[64](#chem201902945-bib-0064){ref-type="ref"}, [69](#chem201902945-bib-0069){ref-type="ref"} For ammonia adsorption, the interaction strength is not only determined by the thermodynamics of the proton transfer process, but it also has a significant contribution from attractive interactions between the NH~4~ ^+^ cation and framework oxygen atoms. Clear evidence for such interactions is given by the short H\[NH~4~ ^+^\]⋅⋅⋅O~fw~ contacts shown in Figure [4](#chem201902945-fig-0004){ref-type="fig"}. Hence, no strict correlation between the ammonia adsorption energy and proton acidity can be expected. From a quantitative point of view, the calculated adsorption enthalpies of −140 kJ mol^−1^ are more negative than experimental values obtained for other SAPOs, which typically fall between −105 and −130 kJ mol^−1^.[71](#chem201902945-bib-0071){ref-type="ref"}, [72](#chem201902945-bib-0072){ref-type="ref"} This deviation is likely due to an overestimation of the hydrogen bond strength by the PBE functional.

For the case of water, the adsorption energy amounts to −93 and −88 kJ mol^−1^ for H~2~O\@H\[O6\] and H~2~O\@H\[O10\], respectively. In a previous PBE‐TS study of different SAPOs, interaction energies between −74 and −102 kJ mol^−1^ were obtained, with the interaction strength depending on the local environment of the framework proton.[38](#chem201902945-bib-0038){ref-type="ref"} In that previous work, the strongest adsorption sites were found inside 8MR windows. As shown in Figure [4](#chem201902945-fig-0004){ref-type="fig"}, the water molecule sits above the 7MR windows in ECR‐40, participating in a very short hydrogen bond to the framework proton (H~2~O as H‐bond acceptor) and in two/three longer hydrogen bonds to oxygen atoms (H~2~O as H‐bond donor). It is noteworthy that there is no obvious correlation between the length of the hydrogen bonds and the adsorption energy. Although the stronger interaction is found for the less acidic H\[O6\] proton, the elongation of the O~fw~−H~fw~ bond upon H~2~O adsorption is more pronounced for H\[O10\]: While the O6−H\[O6\] bond is elongated by 0.07 Å, the elongation of the O10−H\[O10\] bond amounts to 0.11 Å. This points to a smaller energetic penalty for an elongation of the O10−H\[O10\] bond, that is, a weaker bond, which is responsible for the higher acidity of the H\[O10\] proton.

AIMD simulations: Insights into proton mobility and hydration‐induced structural changes {#chem201902945-sec-0008}
----------------------------------------------------------------------------------------

The analysis of the AIMD simulations for guest‐free and hydrated models of ECR‐40(2H\[O6\],2H\[O10\]) consisted of the following steps: First, the average structure calculated from the production part of a given trajectory, as well as the last frame from each trajectory, were visualised in order to get a qualitative overview, for example, to assess whether framework deprotonation or other structural changes had occurred during the AIMD simulation. Average structures and last frames are visualised in Figure S3 to S6 and S7 to S10, respectively. Following this preliminary analysis, selected radial distribution functions (RDFs) *g(r)* as well as cumulative RDFs (integrated *g(r)*) were calculated and analysed to obtain a more quantitative picture.

### Guest‐free ECR‐40 {#chem201902945-sec-0009}

For the model of ECR‐40(2H\[O6\],2H\[O10\]) without adsorbed water molecules, the AIMD average structures and last frames (Figures S3 and S7) do not deliver any indications for a significant displacement of the framework protons from their starting positions. However, the O6 atom and the attached proton are in some instances found to displace within the plane perpendicular to the Al1‐O6‐Al1 linkage, indicating that the disorder visualised in Figure [2](#chem201902945-fig-0002){ref-type="fig"} is of a dynamic nature. The O−H RDFs, which are displayed in Figure [5](#chem201902945-fig-0005){ref-type="fig"}, show an oscillation about the equilibrium bond distance of ≈0.97 Å without any occurrence of O−H distances \>1.1 Å, corroborating that the protons are immobile in the guest‐free system at this temperature, at least on the picosecond timescale.

![O6−H\[O6\] and O10−H\[O10\] RDFs for guest‐free ECR‐40. The top part of the graph shows the integrated RDFs. In the inset, T atoms are displayed in grey to encompass both Si and Al.](CHEM-25-13579-g005){#chem201902945-fig-0005}

### ECR‐40 with 2 H~2~O/u.c. {#chem201902945-sec-0010}

For ECR‐40 models having water molecules adsorbed at either the H\[O6\] or the H\[O10\] protons, the average structures and last frames obtained from the AIMD simulations are shown in Figures S4/S5 and S8/S9. While the water molecules are, in a few cases, somewhat displaced from their starting positions, they remain hydrogen‐bonded to the framework protons. Previous experimental and computational studies of water adsorption in H‐CHA and H‐SAPO‐34 agreed that the interaction of a single water molecule with Brønsted acid sites does not lead to proton abstraction and formation of a H~3~O^+^ ion in the pores, whereas interaction with several water molecules can cause framework deprotonation.[11](#chem201902945-bib-0011){ref-type="ref"}, [73](#chem201902945-bib-0073){ref-type="ref"}, [74](#chem201902945-bib-0074){ref-type="ref"}, [75](#chem201902945-bib-0075){ref-type="ref"}, [76](#chem201902945-bib-0076){ref-type="ref"} This is largely confirmed for ECR‐40, where the H~fw~⋅⋅⋅O\[H~2~O\] RDFs show maxima at 1.5 Å, corresponding to strong hydrogen bonds (Figure [6](#chem201902945-fig-0006){ref-type="fig"}). For the H\[O10\] protons, however, a small secondary maximum centred at a distance of 0.98 Å is visible, indicating the formation of hydronium ions, albeit with low probability. The integrated RDF at a distance of 1.1 Å amounts to 0.003, meaning that a covalent bond between an H\[O10\] proton and a water oxygen atom is present during only 0.3 % of the total simulation time. There are two possible explanations for this observation: On the one hand, the formation of a hydronium ion could occur with a certain probability as a short‐lived metastable state, quickly reverting to a hydrogen‐bonded water molecule. On the other hand, the proton abstraction could lead to a thermodynamically stable structure, but happen on a much longer timescale than the few picoseconds captured by the AIMD simulations. In the latter case, an H~3~O^+^ ion should be found in at least one of the last frames of the three trajectories, however, this is not observed (Figure S9). The H\[O10\]⋅⋅⋅O\[H~2~O\] distances found in the last frames are in the typical range of hydrogen bonds (between 1.35 to 1.58 Å), indicating that the formation of a hydronium ion upon interaction with a single water molecule is indeed a short‐lived phenomenon.

![O~fw~‐H~fw~ and H~fw~⋅⋅⋅O\[H~2~O\] RDFs for ECR‐40 with H~2~O molecules adsorbed at the H\[O6\] protons (top) or at the H\[O10\] protons (bottom). The top part of each graph shows the integrated RDFs.](CHEM-25-13579-g006){#chem201902945-fig-0006}

### ECR‐40 with 38 H~2~O/u.c. {#chem201902945-sec-0011}

For fully hydrated ECR‐40, the AIMD average structures and last frames are shown in the Supporting Information, Figures S6 and S10. As a number of interesting observations can be made, they will be discussed sequentially, starting with the deprotonation behaviour of the H\[O10\] protons, continuing with the H\[O6\] protons, and then looking at structural changes occurring in the environment of framework Al atoms. An inspection of Figure S6 shows that the H\[O10\] protons are always removed from their initial positions at the framework oxygen atoms and are now bonded to water molecules in the pores (shown exemplarily in Figure [7](#chem201902945-fig-0007){ref-type="fig"}). As a consequence, hydronium ions or other protonated water clusters (e.g., H~5~O~2~ ^+^ dimers) can be found in the last AIMD frames. The qualitative observation of framework deprotonation is substantiated when looking at the O10‐H\[O10\] RDF, shown in Figure [8](#chem201902945-fig-0008){ref-type="fig"}. The first non‐zero values appear at distances of around 1.5 Å, in the range of hydrogen bonds, well above the covalent O~fw~−H~fw~ bond length of 1 Å. A sharp maximum in this distance range appears in the RDF between the H\[O10\] proton and oxygen atoms belonging to any water molecule. The integrated H\[O10\]⋅⋅⋅O\[H~2~O\] RDF reaches a value of one at a distance of 1.2 Å, meaning that the probability to find the proton within this distance of one water oxygen atom is 100 %. This confirms that the framework deprotonation happens quantitatively. While the removal of the H\[O10\] protons from their initial positions is thus evident, it could be hypothesised that other protons might, at least with a certain probability, move back from a hydrated hydronium ion in the pores to any unprotonated framework oxygen atom. In order to test whether this occurs, the O−H RDF between all framework oxygen atoms except O6 and all hydrogen atoms was calculated (the environment of O6 will be discussed separately below). This RDF, shown in Figure S11, equals zero at distances below 1.4 Å, that is, there are no protons bonded to framework oxygen atoms of these T‐O‐T linkages (Si‐O‐Al, Al‐O‐P, Si‐O‐Si). An essentially complete diprotonation of Si‐O‐Al linkages at high levels of hydration was observed in previous AIMD studies of zeolites and SAPOs.[11](#chem201902945-bib-0011){ref-type="ref"}, [57](#chem201902945-bib-0057){ref-type="ref"}, [58](#chem201902945-bib-0058){ref-type="ref"}

![Representative visualisation of key events happening during an AIMD simulation of fully hydrated ECR‐40: (1) Removal of H\[O10\] (green) from the framework, formation of H~3~O^+^ ion in the vicinity (arrow). (2) No removal of H\[O6\] (blue). (3) Coordination of water molecule to framework Al1 atom. (4) Coordination of water molecule to framework Al3 atom. The Figure was prepared from the last frame of one AIMD trajectory. For clarity, only a portion of framework and adsorbed water molecules are shown.](CHEM-25-13579-g007){#chem201902945-fig-0007}

![O~fw~−H~fw~ (top) and H~fw~⋅⋅⋅O\[H~2~O\] (bottom) RDFs for fully hydrated ECR‐40.](CHEM-25-13579-g008){#chem201902945-fig-0008}

We now turn our attention to the H\[O6\] protons. Here, the picture arising from the average structures is more ambiguous: A significant number of the H\[O6\] protons are found close to their original positions at the O6 atoms without any significant changes in the local environment (Figure [7](#chem201902945-fig-0007){ref-type="fig"}). However, some Al1‐O6‐Al1 linkages are deprotonated. In other cases, significant structural changes occur, such as a coordination of OH groups or water molecules to the Al1 atoms, leading to situations in which two adjacent Al1 atoms are bridged by two or three oxygen atoms (Figure [9](#chem201902945-fig-0009){ref-type="fig"}). As these changes in the Al coordination environment warrant a separate discussion, the analysis will first focus on the bonding situation of the H\[O6\] proton. The O6‐H\[O6\] RDF, shown in Figure [8](#chem201902945-fig-0008){ref-type="fig"}, exhibits a sharp maximum in the distance range of covalent O−H bonds, and the cumulative RDF amounts to 0.75 at a distance of 1.2 Å, indicating that on average, three quarters of the Al1‐O6‐Al1 linkages remain protonated during the AIMD simulations. Correspondingly, both maxima for covalent O−H bonds and for hydrogen bonds from the H\[O6\] protons to water oxygen atoms are visible in the H\[O6\]⋅⋅⋅O\[H~2~O\] RDF. Altogether, this indicates that the deprotonation of Al‐O‐Al linkages in ECR‐40 does not happen quantitatively as for the Si‐O‐Al linkages, but that it may occur with a certain probability. Again, there are now two possible scenarios: On the one hand, the protonation of 75 % of the Al‐O‐Al linkages could represent the equilibrium at the simulated temperature. On the other hand, the deprotonation might happen on a much longer timescale than for the Si‐O‐Al linkages, and thus not be complete after the short simulation time of 10 ps. While a complete elucidation would require much longer simulations, some insights can be gained by calculating the O6−H\[O6\] RDF for different parts of the whole production stage. This was done by dividing the production stage into three segments with a length of 2.5 ps each (Figure S12). The differences between the integrated RDFs of the three segments are only intricate. Moreover, 75 % of the Al1‐O6‐Al1 linkages are protonated in the last AIMD frames. Altogether, it can thus be concluded that the deprotonation occurred during the first 2.5 ps of equilibration, without a significant number of deprotonation or reprotonation events happening over the course of the production stage.

![Representative environments of the Al1‐O6‐Al1 linkage found in last frames of the AIMD trajectories. a) Coordination of an H~2~O molecule to an Al1 atom. b) H~2~O molecule in a bridging position between two Al1 atoms. c) Two bridging OH groups. d) Octahedrally coordinated Al1 atoms, bonded to one OH group and two H~2~O molecules. Al−O distances (in Å) are given for guidance, however, it should be noted that these are not optimised equilibrium distances, but instantaneous values.](CHEM-25-13579-g009){#chem201902945-fig-0009}

In hydrated AlPOs and related materials, water molecules may bond to framework Al atoms, leading to a change in the coordination number of Al to five or six. The formation of such "higher‐coordinated" Al atoms has been well established experimentally[77](#chem201902945-bib-0077){ref-type="ref"}, [78](#chem201902945-bib-0078){ref-type="ref"}, [79](#chem201902945-bib-0079){ref-type="ref"}, [80](#chem201902945-bib-0080){ref-type="ref"}, [81](#chem201902945-bib-0081){ref-type="ref"}, [82](#chem201902945-bib-0082){ref-type="ref"}, [83](#chem201902945-bib-0083){ref-type="ref"} and also been observed in previous DFT studies.[37](#chem201902945-bib-0037){ref-type="ref"}, [38](#chem201902945-bib-0038){ref-type="ref"}, [82](#chem201902945-bib-0082){ref-type="ref"}, [83](#chem201902945-bib-0083){ref-type="ref"}, [84](#chem201902945-bib-0084){ref-type="ref"} An inspection of the AIMD average structures and last frames does indeed show such a formation of Al−O\[H~2~O\] bonds. Changes in the Al coordination environment are---with one exception, discussed below---limited to an increase of the coordination number to five (trigonal bipyramidal coordination). A coordination of water is observed for both the Al1 and the Al3 atoms, and a representative local environment of a water molecule bonded to an Al1 atom is visualised in Figure [9](#chem201902945-fig-0009){ref-type="fig"} a. In some of the last frames of the AIMD trajectories, more striking structural changes are observed: In these cases, either a water molecule or an OH group are bonded to two neighbouring Al1 atoms, thereby forming a second Al‐O‐Al "bridge" (Figure [9](#chem201902945-fig-0009){ref-type="fig"} b,c). This can be interpreted as two phases of a---possibly irreversible---structural change: After a water molecule is initially bonded to a single Al1 atom, thermal motion may displace it towards the equatorial plane of the Al‐O‐Al linkage, where it can interact with both Al1 atoms simultaneously. Subsequently, a proton is abstracted and moves to one of the surrounding water molecules, resulting in a second bridging OH group. In one particular instance, a further evolution is observed, with two Al1 atoms being bridged by one OH groups and two water molecules (Figure [9](#chem201902945-fig-0009){ref-type="fig"} d). As a result, both Al1 atoms are octahedrally coordinated, in line with the experimental observation of octahedral Al1 environments in the crystal structure of hydrated ECR‐40.[33](#chem201902945-bib-0033){ref-type="ref"}

In order to analyse the relative probabilities of the two different Al atoms to expand their coordination numbers beyond four, the Al−O~fw~ and Al−O\[H~2~O\]RDFs were calculated. They are shown in Figure [10](#chem201902945-fig-0010){ref-type="fig"}. For both Al atoms, a high maximum (not fully shown) is visible in the Al−O~fw~ RDF, which is centred at about 1.80 Å for Al1 and at about 1.76 Å for Al3. The cumulative RDFs reach the expected value of 4 at a distance of around 2 Å, meaning each framework Al atom is surrounded by four O~fw~ atoms. Broader, much smaller maxima appear in the Al−O\[H~2~O\] RDFs, with the highest values being reached at distances of 1.93 Å (Al1) and 2.01 Å (Al3). This maximum is much more prominent for Al1, indicating that a coordination of water molecules to this aluminium atom occurs with higher probability than for Al3. In order to quantify this, the average coordination number of the framework aluminium atoms can be calculated by adding up the integrated Al−O~fw~ and Al−O\[H~2~O\] RDFs at a suitable distance above the first maxima. Using a distance of 2.5 Å delivers an average coordination number of 4.61 for the Al1 atoms, and 4.09 for the Al3 atoms. These results corroborate that the Al1 atoms are much more susceptible towards an expansion of their coordination number, but that coordination of water molecules to the Al3 atoms also occurs to a non‐negligible extent.

![Al−O~fw~ and Al−O\[H~2~O\] RDFs for Al1 (top) and Al3 (bottom) atoms in fully hydrated ECR‐40.](CHEM-25-13579-g010){#chem201902945-fig-0010}

Discussion {#chem201902945-sec-0012}
==========

On the basis of the body of results presented above, it can be concluded that protons associated with Si‐O‐Al linkages in ECR‐40 have a higher acidity than those at the Al‐O‐Al linkages. This trend in acidity is found in the static calculations (diprotonation energy, CO adsorption complexes) and is corroborated by the different deprotonation behaviour of H\[O6\] and H\[O10\] protons in the AIMD simulations of fully hydrated ECR‐40. Furthermore, it is confirmed that the NH~3~ adsorption energy provides no reliable indicator for the acidity. While all these findings are in line with recent literature reports,[11](#chem201902945-bib-0011){ref-type="ref"}, [64](#chem201902945-bib-0064){ref-type="ref"}, [69](#chem201902945-bib-0069){ref-type="ref"} one may note two rather surprising aspects: First, there is usually an inverse correlation between proton acidity and O−H stretching frequency, and the frequency depends on the length of the covalent O−H bond (longer bonds→lower stretching frequency→higher acidity).[65](#chem201902945-bib-0065){ref-type="ref"} The opposite is observed here, with the O6−H\[O6\] bond being about 0.005 Å longer than the O10−H\[O10\] bond (Figure [3](#chem201902945-fig-0003){ref-type="fig"}). As a consequence, the more acidic H\[O10\] proton gives rise to a band at higher frequency than the less acidic H\[O6\] proton, contrary to the commonly expected relationship. Tentatively, this deviation from the correlation between bond length and bond strength can be attributed to a larger ionic contribution to the O6−H\[O6\] bond due to the increased negative polarisation of the O6 atom. Second, it is worth pointing out that Afeworki et al. attributed the comparatively high acidity of ECR‐40 to two factors:[29](#chem201902945-bib-0029){ref-type="ref"} On the one hand, all Si atoms are surrounded by two Al and two Si atoms, which should cause a higher acidity than typical Si(4Al) environments or silicon islands. On the other hand, the authors also suspected that the Al‐O‐Al linkages could provide highly acidic sites. While the former explanation cannot be verified (or falsified) without a detailed comparison of ECR‐40 to other SAPOs at a consistent level of theory, the findings of the present study disagree with the second hypothesis.

Both types of protons in ECR‐40 are immobile in the guest‐free structure (at least at room temperature and on the timescale of picoseconds), and the interaction of a Brønsted acid site with a single water molecule is not sufficient to cause a removal of the protons from their initial positions. On the other hand, framework deprotonation does occur at high levels of hydration, quantitatively for the more acidic H\[O10\] protons, and to a non‐negligible extent for the less acidic H\[O6\] protons associated with the non‐Löwenstein linkages. The influence of the water content on the extent of deprotonation of Si‐O‐Al linkages has been investigated in several previous computational studies, and the findings of the present work agree with these results.[11](#chem201902945-bib-0011){ref-type="ref"}, [57](#chem201902945-bib-0057){ref-type="ref"}, [58](#chem201902945-bib-0058){ref-type="ref"}, [74](#chem201902945-bib-0074){ref-type="ref"}, [75](#chem201902945-bib-0075){ref-type="ref"}, [76](#chem201902945-bib-0076){ref-type="ref"} Experimentally, it has also been established that the interaction of each Brønsted acid site with a single water molecule is not sufficient for deprotonation, but that the formation of protonated water clusters occurs upon interaction with larger amounts of water due to cooperative effects.[12](#chem201902945-bib-0012){ref-type="ref"}, [73](#chem201902945-bib-0073){ref-type="ref"}, [85](#chem201902945-bib-0085){ref-type="ref"} The hydration behaviour of the H\[O10\] protons in ECR‐40 is thus analogous to that of protons at Si‐O‐Al linkages in more typical SAPOs and aluminosilicate zeolites. On the other hand, the observed partial deprotonation of Al‐O‐Al linkages in ECR‐40 deviates from the results of Heard et al., who found that these linkages were quickly reprotonated when starting the AIMD simulation from an initial model with hydrated hydronium ions in the pores and no framework protons.[11](#chem201902945-bib-0011){ref-type="ref"} Hence, there seems to be a qualitative difference between the deprotonation probability of Al‐O‐Al linkages in aluminosilicates and the aluminophosphate‐based ECR‐40. This might indicate that Al‐O‐Al linkages in aluminosilicates constitute an even more pronounced charge imbalance, rendering their deprotonation thermodynamically more unfavourable, but further computational work would be required to gain more detailed insights. In addition to analysing the occurrence of framework deprotonation as such, it is also interesting to evaluate what happens to the protons after their removal from the framework. As Figure [8](#chem201902945-fig-0008){ref-type="fig"} shows, roughly 50 % of the H\[O10\] protons are located at a distance of more than 3 Å from the O10 atom over the course of the AIMD simulation (15 % at distances \>4 Å), pointing to a significant mobility of the protons within the protonated water clusters.

Along with insights into proton mobility, the calculations also clearly show that adsorbed water molecules can form bonds to framework Al atoms. While the coordination of water to framework Al atoms may happen at both Al positions, the localisation of water in a bridging position between two T atoms occurs only at the Al‐O‐Al linkages, simply because silicon and phosphorus are much less susceptible to an expansion of their coordination number beyond four. The bridging water molecules tend to be deprotonated, increasing the charge separation between the negatively charged framework and the protonated water clusters. Since the AIMD simulations were run for a few picoseconds, only, it has to be expected that the number of Al−O\[H~2~O\] bonds would increase if a longer time was covered. It is worth noting that the coordination of water molecules to framework Al atoms has been identified as a crucial first step in computational studies of the desilication of SAPOs[86](#chem201902945-bib-0086){ref-type="ref"} and the dealumination of aluminosilicate zeolites.[87](#chem201902945-bib-0087){ref-type="ref"}, [88](#chem201902945-bib-0088){ref-type="ref"} Altogether, it appears logical to draw a link between the hydration‐induced structural changes at the Al‐O‐Al linkages in ECR‐40, which are detectable even on the timescale of the AIMD simulations, and the experimentally observed instability of hydrated ECR‐40 towards recalcination.[33](#chem201902945-bib-0033){ref-type="ref"} While the surrounding water molecules are not shown in Figure [9](#chem201902945-fig-0009){ref-type="fig"}, inspection of the complete AIMD frames shows that the local arrangements shown in the Figure are stabilised through hydrogen bonds to water molecules adsorbed in the pores. If these molecules are removed upon calcination, the stabilising hydrogen bonds are missing, and it is to be expected that those Al‐O‐Al linkages that have been modified upon hydration will be especially prone to break apart upon dehydration. As the Al‐O‐Al connections are a key structural element of ECR‐40, linking the 17 T atom building units along the *c*‐axis, breaking these linkages would lead to a collapse of the long‐range order.

Conclusions {#chem201902945-sec-0013}
===========

The calculations comparing guest‐free ECR‐40 with two different possible proton arrangements clearly showed an energetic preference for a complete protonation of the non‐Löwenstein Al‐O‐Al linkages, an observation that is explained with the accumulation of a negative excess charge at the O6 atom. As it incurs a larger energetic penalty to remove protons from Al‐O‐Al linkages than from Si‐O‐Al linkages, the H\[O6\] protons possess a lower Brønsted acidity, and they are unlikely to be responsible for the exceptional performance of ECR‐40 as acid catalyst in the cracking of *n*‐hexane ("alpha test").[29](#chem201902945-bib-0029){ref-type="ref"} In the computation of host‐guest interaction energies for three guest molecules (CO, NH~3~, H~2~O), only the results for CO adsorption delivered the trend in acidity established from the diprotonation energies, whereas ammonia and water were found to be unsuitable molecules to probe the acidity (and even for CO, the correlation may be fortuitous[69](#chem201902945-bib-0069){ref-type="ref"}).

Due to their lower acidity, the protons at the Al‐O‐Al linkages are less likely to be removed from their initial positions upon hydration at room temperature. However, deprotonation does occur to a certain extent, as the protonated water clusters in the pores can neutralise the accumulation of negative charge in this part of the framework. In the previous study by Heard et al., it was found that the formation of protonated water clusters provides a stabilising energetic component.[11](#chem201902945-bib-0011){ref-type="ref"} As non‐Löwenstein linkages remained completely protonated in the aluminosilicate zeolites studied, it was concluded that the formation of these linkages in aqueous media is thermodynamically unfavourable because such a stabilising contribution is missing. Although the difference between protons associated with Si‐O‐Al and Al‐O‐Al linkages is less clear‐cut in ECR‐40, the present work does not invalidate these conclusions. Looking at the problem from another angle, the present results can provide an additional explanation why non‐Löwenstein linkages are rarely found in aluminosilicate or (silico)aluminophosphate zeotypes: The observed structural changes in the vicinity of the Al‐O‐Al linkages of ECR‐40 indicate that these linkages are irreversibly modified upon hydration, and prone to break entirely upon water removal. Thus, even in cases where the thermodynamic barrier towards formation of such links may be overcome in the first place, they are less likely to survive the complete formation process. The actual existence of Al‐O‐Al linkages in ECR‐40 is due to the presence of framework‐bound OSDA molecules in the as‐synthesised structure, a rather unusual situation that is not found in typical zeolite syntheses, let alone natural zeolites.
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